The properties of viable mutants of bacteriophage T5 that lack, singly, each of the four major sites at which single-chain interruptions normally occur in T5 DNA are described. The mutations responsible for loss of each interruption were mapped by analysis with HhaI, a restriction endonuclease with a cleavage site (pGCGC) that occurs at the 5' termini of the major interruptions (B. P. Nichols and J. E. Donelson, J. Virol. 22:520-526, 1977). For 
The properties of viable mutants of bacteriophage T5 that lack, singly, each of the four major sites at which single-chain interruptions normally occur in T5 DNA are described. The mutations responsible for loss of each interruption were mapped by analysis with HhaI, a restriction endonuclease with a cleavage site (pGCGC) that occurs at the 5' termini of the major interruptions (B. P. Nichols and J. E. Donelson, J. Virol. 22:520-526, 1977 ). For each mutant tested, loss of a specific interruption resulted in loss of a specific HhaI cleavage site. Multiple single-site mutants were constructed to determine the effect of loss of more than one interruption on phage viability. These recombinants, including a phage that lacks the four major interruptible sites, were fully viable and did not exhibit a compensating increase in the frequency of minor interruptions. The effect of loss of a specific interruption on genetic recombination was tested in two-factor crosses with markers that occur close to, but on opposite sites of, the interruption. Loss of the interruptible site did not affect recombination frequency.
The genome of bacteriophage T5 possesses a structural feature that is not generally found in double-stranded DNA: the presence of site-specific single-chain interruptions (1, 4) . All of the interruptions of T5 DNA occur within one strand of the viral genome, and all can be repaired by the action of DNA ligase (6) . Although the interruptions occur at fixed sites, the frequency of interruptions at the different sites is variable (4) . Wild-type T5 DNA contains four sites, located at 8.0, 18.3, 32.6, and 64.6% from the left end of the genome, at which interruptions occur with frequencies of 80 to 90% (11, 17) . (Because T5 DNA has an 8.4% terminal repetition [13] , a site that is analogous to the 8.0% interruption occurs at 99.6%.) Interruptions occur with lower frequencies at a large number of other sites, the highest concentration of which occurs within the terminal repetition (11, 17) .
Two classes of viable interruption-deficient T5 mutants have been isolated by screening the progeny of mutagenized phage particles for changes in the electrophoretic pattern of single-stranded fragments that is characteristic of denatured T5 DNA (14) . Mutants in one class have genomes that either are free of interruptions or have a reduced frequency of interruptions throughout the genome. The mutations responsible for these phenotypes have two defined genes, sciA and sciB, the expression of which is required for the presence of interruptions in T5 DNA (14) . The mutants in the other class each lack one of the sites at which interruptions normally occur. Mutations that affect five sites, the four major interruptions and one minor interruption, are currently available.
This study was concerned with the properties of singlesite, interruption-deficient T5 mutants. By restriction enzyme analysis it was possible to demonstrate that this phenotype is due to base changes that map close to the site of the missing interruption. Results of these experiments also identified part of the sequence that specifies the interruptible site in T5 DNA and provided some insight into the sequence heterogeneity at these sites. To determine whether loss of more than one interruption affects viability, multiple single-site mutants were constructed by crossing the single mutants. All of the possible multiple interruption-deficient 203 mutants were obtained, including a mutant that lacks the four major interruptions, and all were fully viable. The effect of loss of a specific interruption on genetic recombination was also investigated. In the case of the site at 64.6%, the recombination frequency of flanking markers was not affected by loss of the interruption.
MATERIALS AND METHODS
Bacteria and bacteriophage. The single-site, interruptiondeficient mutants and the conditional-lethal amber mutants used in this study are listed in Table 1 . The amber mutants were obtained from D. Botstein, Massachusetts Institute of Technology, Cambridge, Mass. The isolation of the interruption-deficient mutants has been described previously (14) . T5HA90 contains a mutation in the sciA gene that eliminates the minor interruptions and reduces the frequency of the major interruptions (14) . T5st(102) is a heat-stable deletion mutant (16) a Appropriate allele locations were determined from marker rescue experiments by using cloned segments of T5 DNA (2; unpublished data). The scale of coordinates is as described previously (12) . The order of the markers (D12-D12.5-D14-D15) was also determined by two-factor crosses and, except for the inclusion of D12.5, is in agreement with previously established T5 genetic maps (8) .
b Alleles used to construct multiple interruption-deficient mutants. (11). Genetic crosses. E. coli Bsul was the host for crosses involving amber mutant parents. E. coli B23 was used for other crosses. The general procedure for all crosses was to grow host bacteria to 2 x 108 cells per ml at 37°C in TB with aeration. After centrifugation, the cells were suspended at 2 x 109/ml in TB containing 1 mM CaCl2 and infected with a multiplicity of infection of 5 of each parent. The adsorption mixtures were held for 10 min at 0°C and for 5 min at 37°C and were then diluted with TB. After incubation for 60 min at 37°C, CHCl3 was added to complete lysis, and the progeny were plated on an appropriate indicator. For preparative crosses involving interruption-deficient mutants, the infected cells were diluted 10-fold and subsequently incubated with aeration. Individual plaques were analyzed by agarose gel electrophoresis, as described by Rogers et al. (14) . For quantitative crosses involving amber mutants, the infected cells were diluted 106-fold and incubated without aeration. This procedure was employed to eliminate any effect on recombinant frequency that might result from differences in the degree of aeration. For premature lysis crosses, the infected bacteria were diluted 100-fold and incubated with gentle aeration for 19 min at 37°C. After chilling to 0°C, unadsorbed parental phage were removed by two cycles of centrifugation and washing, and lysis was induced by the addition of CHCl3.
RESULTS
Restriction enzyme analysis. The single-site, interruptiondeficient mutants were initially characterized by analyzing their single-stranded fragments in agarose gels (14) . In each case, the electrophoretic patterns were consistent with loss of a single interruption. Because these mutations were neither dominant nor recessive to the wild type, they were presumed to represent alterations of the sites at which interruptions normally occur, rather than loss of a diffusible gene product. However, the only direct evidence on this point has been the observation that the mutations responsible for loss of the interruption at 32.6% are tightly linked to the nearby st(102) deletion (unpublished data).
Results of nucleotide sequence analysis of the interruptions in T5 DNA have indicated that the tetranucleotide pGCGC occurs at the 5' termini of most of these sites (9) . Because pGCGC is recognized by restriction endonucleases such as HhaI, mutations at this site can be detected by restriction enzyme analysis. Accordingly, DNAs from several representatives of each type of single-site mutant were digested with HhaI. The results indicated that, in each case, loss of the interruption was accompanied by loss of a specific HhaI cleavage site. Typical results are shown in Fig. 1 . Analysis of the larger HhaI fragments of T5 DNA in an agarose gel (Fig. 1A) (Fig. 1B) indicated loss of a single band that is probably a doublet (contains two fragments). The loss of a second HhaI fragment from DNA of a mutant lacking the 32.6% interruption is also evident in Fig. 1B . As was the case for the 64.6% mutant, the sum of the molecular weights of the two missing fragments in the 32.6% mutant digest was equal to that of the new fragment.
An association between lack of a specific interruption and the observed alterations in the HhaI cleavage patterns was demonstrated in three ways. First, identical HhaI digests were obtained with several independent isolates of each type of mutation. A total of 11 mutations, 2 at 8.0%, 2 at 18.3%, 3 at 32.6%, and 4 at 64.6%, were included in this survey. Second, the interruption deficiencies and the altered Hhal cleavage patterns could not be separated by recombination. This point is illustrated by HhaI digestion of a recombinant (see below) that lacked all four major interruptions (Fig. 1) . All of the alterations seen individually in the single mutants were present in the digest of the multiple mutant. Finally, some of the larger HhaI fragments of T5 DNA have been localized relative to a previously determined physical map of T5 DNA (12) . In particular, H/haT fragment 2 maps between 60.0 and 64.6%. Fragment 20 has not been mapped; however, HhaI fragment 1 occurs between 54.9 to 60.0%, or immediately to the left of fragment 2. Thus, the missing HhaI site in the 64.6% mutant must occur at the site of the missing interruption.
Hhal analysis was also carried out on the DNA of a mutant that lacks the minor interruption at 45.3%. No changes were observed in the Hhal cleavage pattern (Fig.  1B) , although these digests were sufficiently complex that loss of one cleavage site could go undetected.
Additional information about the sequences at the interruptions in T5 DNA was obtained by analysis with HaeII, an enzyme that recogizes pPuGCGCPy. HaeII digests of wildtype and single-site, interruption-deficient DNAs gave identical results, indicating that the HaeII sequence does not occur at any of the major interruptions. However, this sequence does occur at several of the minor interruptions in which the presence of the interruption protects the site from cleavage. This phenomenon is illustrated by several bands that appeared in HaeII digests of wild-type T5 DNA (and DNA of the site mutants) but that were not found in digests of interruption-deficient sciA mutant DNAs (Fig. 2) or in digests of ligase-repaired, wild-type DNA (data not shown). The extra bands in the wild-type digest were resistant to levels of HaeII that were at least 5 times greater than that needed to cleave the other HaeII sites in T5 DNA. Because the extra bands are not dependent on the presence of the major single-chain interruptions, they must result from inefficient cleavage at HaeII sites that are coincident with minor interruptions. Although a complete HaeII cleavage map of T5 DNA has not been determined, the prominent 2,000-basepair fragment seen in wild-type DNA (Fig. 2) was localized to the terminal repetition and is undoubtedly due to inefficient cleavage at one of the numerous minor interruptions that occur in this region (11) . (The fairly strong intensity of this fragment is due, in part, to the fact that it occurs twice per genome.) The fainter extra bands in wild-type HaeII digests were not mapped. Multiple single-site mutants. The viability of both T5 sci mutants and the single-site mutants suggests that the interruptions in mature T5 DNA are not essential for growth. However, in the case of the sci mutants, it is not known whether the intracellular DNA in the mutant infections actually contains fewer interruptions than intracellular wildtype DNA. Similarly, it could be argued that although the single-site mutants underwent permanent loss of an interruptible site, the remaining interruptions were sufficient for viability. To determine whether loss of more than one interruptible site affects viability, a series of multiple singlesite mutants was constructed.
Starting with single mutants lacking each of the four major interruptions, the six possible double mutants were obtained by performing two-factor crosses. Recombinants were identified by electrophoretic analysis of the single-chain fragments of a small number of progeny. The Fig. 4 . i indicates the intact strand of T5 DNA. 13' is the shortened form of fragment 13 that occurs in T5st(102) DNA. The locations of the fragments labeled with arrowheads are given in the legend to Fig. 4 . The electrophoretic patterns of the single-site, interruption-deficient mutants have been shown previously (14) .
patterns of the multiple mutants are shown in Fig. 3 . The structures of the double and triple mutants were inferred from these patterns, using previously established maps of the single-chain fragments of T5 (Fig. 4) . The structure of the quadruple mutant was verified by recovery of the four single mutants from a cross with the wild type (data not shown) and by analysis with Hhal (Fig. 1) . All of the multiple mutants appeared to be fully viable.
The absence of the four major interruptible sites in the quadruple mutant did not appear to increase the interruption frequency at the sites of the minor interruptions. This point is illustrated by an electrophoretic comparison of the small single-chain fragments of the quadruple mutant and the wild type (Fig. 5) . These fragments, most of which resulted from the numerous minor interruptions at the ends of T5 DNA (11) , were no more abundant in the quadruple mutant than in wild-type DNA. Thus, viability of the quadruple mutant is not due to a compensating increase in the frequency of minor interruptions.
Multiple interruption-deficient mutants that possess only one interruption were also constructed. These phage contain site mutations that remove three of the four major interruptions and a sci mutation, HA90 (14) , that eliminates the minor interruptions. The electrophoretic patterns of phage that possess an interruption at only 8.0, 18.3, 32.6, or 64.6% are shown in Fig. 6 . These mutants should be useful for studies that require a DNA substrate with a single, defined interruption, although because of the nature of the HA90 mutation, every population will also contain some molecules that are completely free of interruptions.
Effect on genetic recombination. The introduction of singlechain interruptions frequently has been postulated to be one of the early events in genetic recombination. Although not essential for growth, the interruptions in T5 DNA thus might serve as sites at which recombination occurs at elevated levels. To test this hypothesis, the effect on genetic recombination of loss of the interruptible site at 64.6% was determined.
Several T5 markers were localized in the vicinity of the 64.6% interruption. By analyses of a 4,500-base-pair cloned segment of T5 DNA, Davison et al. (2) have shown that this interruption is flanked on the left by the D12 gene and on the right by the D14 and D15 genes. These observations have been confirmed, and an allele of a previously unmapped gene, designated D12.5, has been mapped between the 64.6% site and the D14 locus (manuscript in preparation).
The results of crosses involving amber mutations in these four genes, in the presence and absence of the 64.6% interruption, are shown in Table 2 . Recombination between a D12 marker and markers in the D12.5, D14, and D15 genes was not affected by loss of the intervening interruption. Loss of the interruption also did not affect recombination in an adjacent interval (D12.5 x D14), nor was any difference seen among the progeny obtained by premature lysis of a D12 x D15 cross. The latter experiment was carried out in the expectation that the effect of structrual differences in parental genomes would be most apparent at early stages of infection.
DISCUSSION
The major conclusions of this study are that (i) loss of specific interruptions in T5 DNA can be due to mutations that occur at the site of the missing interruptions and (ii) loss of these sites does not have a discernible effect on the virus.
Although the mechanism that is responsible for the interruptions in T5 DNA is not understood, it is likely that each interruptible site is marked by a sequence that specifies both the location of the interruption and the frequency with which it will occur. Previous attempts to characterize these sites by direct sequence analysis have been only partially successful. The 5'-terminal sequence pGCGC was identified by Nichols and Donelson (9) by analysis of intact T5 DNA. Their results also indicated that the octanucleotide pGCGCGGTG occurs at a large fraction of the interruptions. The 3' sequences appear to be more heterogeneous. Determination of over 40 bases at each of three different interruptions yielded -PuPuAOH as the only apparent common feature (10).
Single-site mutants provide a more direct means of identifying the sequences that define the interruptible sites in T5 DNA. Thus, the results obtained by analysis with HhaI both localize the mutations in the site mutants and demonstrate that at least part of the pGCGC sequence is essential for the presence of the major interruptions. Because this sequence cannot, by itself, define an interruptible site, the finding that J. VIROL. all 11 mutants tested lack this sequence is unfortunate, although not entirely unexpected. The site mutants were isolated by treating phage particles with hydroxylamine, a cytosine-specific mutagen that acts preferentially on singlestranded DNA (3) . Because the regions surrounding interruptions are more likely to be single stranded than other regions, these results suggest that no other essential GC base pairs are located close enough to the interruptions to be readily susceptible to hydroxylamine. Identification of the other sequences that comprise the interruptible sites will undoubtedly require different methods of mutagenesis.
In contrast to HhaI, digestion of the single-site mutant
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DNAs with HaeII gave electrophoretic patterns identical to those of wild-type DNA. However, these patterns reproducibly contained several bands representing incompletely digested fragments that were not seen in digests of DNAs that lack specifically the minor interruptions. Taken together, these results indicate that the HaeII sequence pPuGCGCPy does not occur at the major interruptions, which is in agreement with the sequence analyses cited earlier, but that it does occur at some of the minor interruptions. Presumably, the presence of an interruption causes these sites to acquire secondary structures that are refractory to HaeII. Because formation of a cleavage-resistant structure might also depend on flanking sequences, HaeII recognition sequences could occur at other minor interruptions without having an effect on cleavage. Interestingly, cleavage by HhaI was not noticeably affected by the presence of interruptions. HhaI may not be sensitive to the structural alterations that inhibit HaeII, or it is possible that the interruptions occur at a different location with respect to the HaeII sequence. The multiple single-site mutants were constructed primarily to determine whether permanent loss of more than one interruptible site would affect the growth of T5. The full viability of these recombinants, especially the quadruple mutant, thus provides further evidence that, under laboratory conditions, the major interruptions are not essential for growth. Loss of the major interruptions was not accompanied by an increase in the frequency of minor interruptions. This observation indicates that the low interruption frequency at the minor sites is an intrinsic property of these (14) . The larger of the two fragments derived from the interrupted strand in the mutants in lanes 4 and 5 cannot be resolved from the intact strand.
sites and is not due to inefficient competition with the major interruptions.
Regardless of their effect on viability, the single-site mutations provide a means of determining the role of the interruptions in T5 DNA in other, nonessential processes. In an earlier study (15) , loss of the major interruption at 8.0% was found to have no effect on the two-step injection mechanism of T5 DNA (7) high background of normal recombination. Problems of this type might have been minimized in the premature lysis cross, in which phage development was terminated at the point when recombinants first appeared. Because the premature lysis results were identical to those obtained after normal lysis, the only firm conclusion is that the interruptions do not detectably affect the distribution of recombinants that are formed in T5 crosses.
